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POROUS SILICA MICROSPHERE SCAVENGERS 



Background of the Invention 

5 

The present invention relates to modified porous silica microspheres used to 
selectively separate unreacted reactants from desired products and undesirable side products 
in a reaction medium, and to methods for using such microspheres. 

The need to improve the efficiency of drug discovery and basic research efforts has 

10 led to faster and more convenient methods for synthesizing organic compounds. In the 
synthesis of organic compounds, reactants are combined under appropriate conditions to 
produce desired products. These products must then be purified by separation from other 
undesircd products or unreacted reactants. Solid phase synthesis methods facilitate such 
purifications. In the solid phase synthesis approach, a reactant first is linked, usually 

15 covalently, to a solid support. A binding interaction between this support-anchored functional 
group and a solubilized reactant produces a product that is ionically or covalently linked to the 
functional ized solid support. 

The solid phase synthesis methods have strong advantages over traditional solution 
synthesis methods. Unreacted reactants or by-products are easily removed from the products 

20 linked to the support by washing or filtering the support after the synthesis reaction. This 

approach allows a large excess of reactants to be used so that the desired reaction often can be 
rapidly driven to completion. In addition, the synthesis and separation of desired products 
from unreacted reagents or reaction by-products can be readily automated for the convenient 
and rapid synthesis of multiple compounds. 

25 Modem drug discovery techniques are based on the use of combinatorial chemistry to 

generate large numbers of compounds that are often referred to as libraries. The objective of 
this approach is to generate lead compounds for pharmaceutical research. Preferred 
combinatorial chemistry approaches, usually automated, often involve parallel array synthesis 
where individual reaction products are generated as mixtures. Such library compounds may 

30 be contained in the individual wells of 96-well microtiter plates. The use of such standardized 
plates is advantageous because they can be manipulated automatically by robotic machines. 
Combinatorial chemistry often is performed under conditions such that, after the 
. reaction, unwanted unreacted reactants and possible side reaction materials must be removed 
so that the desired product can be recovered, hopefully in a purified form. For the removal of 
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such materials, solid particles called "scavengers" often are used. These scavenger particles 
have traditionally consisted of porous polymeric or inorganic supports that have been 
functionalized with reactive groups that can readily react with the excess reactants or 
unwanted side products. 
5 These functionalized reactive groups can be ionic in form, such as, for example, a 

sulfonic acid functional group used to remove excess basic amine reactants. An example of 
such ionic reactions is found in U.S. Patent 3,576,870, which describes the purification of 
dimethylacetamide by removing excess acetic anhydride with a basic ion exchange resin 
containing primary or secondary amino groups. 

1 0 Alternatively, the scavenger support can contain a reactive group that can covalently 

react with and remove a reactant, such as, for example, an isocyanate that can react with a 
primary amine. Other examples of a covalent scavenging reactions are found in U.S. Patents 
5,087,671 and 5,244,582, which describe the use of various reactive groups immobilized on 
inorganic substrates to remove carcinogenic nitrosating agents from liquids. The substrates 

1 5 disclosed in these patents include organic polymers and inorganic derivatized glass and silica, 
and the functional groups include pyrrole groups, indole groups and hydroquinone. 

U.S. Patent 5,767,238 describes a method for the inverse solid phase synthesis of a 
variety of organic compounds in the liquid phase. Unreacted reactants are removed from the 
reaction mixture and separated from the desired products using a solid phase support matrix 

20 which binds covalently or ionically to the reactants. The solid phase support matrix is a 
macromolecular structure which is insoluble in the reaction medium, and which can be a 
porous or non-porous structure. Suitable solid phase support structures include anion 
exchange resins, cation exchange resins and acrylic resins. 

Scavenger-assisted combinatorial processes for preparing ureas or thioureas are 

25 described in the following European patent publications: EP 816309, which discloses the use 
of particles functionalized with amines for scavenging ureas, thioureas, and isothiocyanates; 
EP 818431, which discloses the use of particles functionalized with aldehyde groups for 
scavenging secondary amines; and EP 825164, which discloses the use of particles 
functionalized with amines for scavenging amides and carbamates. Suitable substrates 

30 disclosed in these patent applications include polystyrene divinylbenzene, cellulose, silica gel, 
alumina and controlled pore size glass. 

Commercial scavenger materials based on polystyrene-divinylbenzene particles are 
available as scavengers for combinatorial synthesis reactions (e.g., Argonaut Technologies, 



San Carlos, CA). While such polymeric materials can be prepared with a variety of 
functionalities for scavenging, they have a distinct disadvantage: polymers absorb most 
organic solvents, causing them to swell significantly. As a result, the use of polystyrene- 
based polymers in many organic solvents causes polymeric scavengers to increase their 
5 volume two-fold or more, making their use quite difficult in certain applications, such as with 
96-well plates. Because of the strong swelling propensity, there are restraints on the amount 
of the polymer that can be used in the wells, limiting the capacity of the scavenging process. 
Furthermore, to be used properly, polymeric scavengers must be in a swollen state to 
effectively expose the bound functionality for the desired interactions. To adequately swell 

1 0 polystyrene-divinylbenzene-based scavenger particles, non-polar solvents such as methylene 
chloride generally must be used. Desirable polar reaction solvents such as methanol and N, 
N'-dimethylformamide, often needed for sample solubility, generally cannot be used with 
these polymeric scavengers. The handling properties of polystyrene-divinylbenzene particles 
is also poor (typically because of problems with static charge), making the loading 

1 5 inconvenient, particularly into small 96-wells plates. 

U.S. Patent 5,230,806 describes the use of functionalized polystyrene-divinyl benzene 
adsorbent resins in solid-phase extraction methods for removing organic solutes from 
solutions. In particular, the reference describes the use of neutral polystyrene-divinyl benzene 
resins containing functional hydroxymethyl, acetyl or cyanomethyl groups for removing or 

20 scavenging phenols from solutions. The use of neutral polymers is preferred since charged 
resins can pick up undesirable material present in the solution. The reference further states 
that silica containing a chemically-bonded organic group is not particularly suited for use in 
solid phase extractions since they are hydrophobic and do not make good surface contact, and 
many types of organics are incompletely extracted from aqueous solutions. See, also, 

25 Capillary Columns, J. Am. Chem. Soc, 97, 15 (1975), which shows the use of an isocyanate 
bound to a cross-linked polystyrene for removing anhydrides and acids from a solution of 
pyridine. 

U.S. Patents 4, 874,5 1 8, 5,032,266 and 5,108,595, relate to chromatographic materials 
comprising porous silica microspheres having silanol-enriched surfaces with favorable 
30 sorptive properties for separating organic compounds. The silica microspheres are formed by 
contacting microspheres which have been thermally-dehydroxylated with water in the 
presence of an activator, such as ammonium hydroxide, to generate a surface concentration of 
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silanol groups. This procedure serves to maintain the activity of the microspheres, while 
providing the requisite crush resistance which enables the materials to be used at high 
pressures. These silica microspheres can be used in gel filtration and high speed size- 
exclusion chromatography. 
5 The use of silica as a support for scavenger particles has also been reported in 

Tetrahedron Letters, Vol. 38, No. 19, pages 3357-3360 (1997), which describes the use of 
such particles in ion exchange chromatography for removing impurities resulting from the 
synthesis of amines and acylated amines. Materials of this type are also commercially 
available (e.g., Applied Separations, Allentown, PA). Such silica-based particles do not 

10 swell, and they can be used with a wide range of reaction solvents, both polar and nonpolar. 
However, existing silica-based scavenger materials are formed on irregular-shaped silica gels 
that contain a high level of impurities, such as aluminum and iron. As a result, these materials 
are strongly acidic and often incompatible with strongly basic molecules. Traditional silica- 
based materials also can catalyze or enable unwanted reactions or changes in the desired final 

1 5 product. Such acidic silica-based materials also can strongly absorb polar, especially basic, 
compounds, leading to reduced reaction yields. 

It will be appreciated that a need exists for an improved silica-based scavenging 
reagents which are stable in a variety of solvent systems, and which avoid the swelling 
problems associated with polymeric substrates. 

20 

Summary of the Invention 

This invention relates to scavengers comprising highly purified, porous silica 
microspheres containing functional groups on the surface thereof These silica-based 

25 scavenger particles are essentially non-swelling, and can be used with a large variety of 

organic or aqueous-organic solvent systems. The highly purified silica particles are close to 
pH neutral (pH of about 6-7), making the particles highly compatible with both basic and 
acidic compounds. The porous silica microsphere-based particles of this invention have a 
narrow particle size distribution and are free flowing for easy handling, a highly attractive 

30 characteristic for applications which use automatic instrumentation. The narrow pore size 
distribution of the particles provides for clearly defined and reproducible performance. 




In one aspect, the present invention relates to highly purified, porous silica 
microspheres having surfaces modified to contain functional groups, and to methods for using 
the functionalized silica microspheres as scavenging reagents in organic synthesis reactions. 
The silica microspheres can be prepared by spray drying a silica sol formed by the 
5 hydrolysis/mixture of an organic silicate. The silica microspheres are heated to provide 
mechanical strength, and then hydroxy lated to generate a high level of silanol groups on the 
surface of the microspheres. The silica microspheres are sized, purified, and the surface 
silanol groups are then reacted with an appropriate silanizing agent to achieve the requisite 
functionality. 

1 0 In one embodiment of this aspect, the surface of the porous silica microsphere support 

is modified with a lightly polymerized silane coating containing functional groups that would 
react with organic compounds by ionic or covalent forces. In this embodiment, a 
hydroxylated silica support is reacted with a silane containing the functional group of interest 
in a non-aqueous environment, in the presence of a small amount of water, to produce a light 

1 5 polymerization of the silane reactants. Typical functional groups include monoamines, 

triamines, tertiary amines, sulfonic acids, sulfonyl chlorides, isocyanates, epoxides, diamines, 
diphcnylphosphines, diethylphosphines, mercaptans, alkylbromo groups, and sulfonyl 
hydrazides. 

Other methods for modifying the surface of the silica particles include reacting the 
20 particles with monofunctional silanes having either ionic or covalent reactivity in the absence 
of water, mechanically casting a polymeric film of the desired functionality onto the surface, 
and reacting the surface with a "non-silica" organic, covalently-attached polymeric phase that 
contains the necessary functionality. 

In another aspect of this invention, a method is provided for performing scavenging 
25 reactions. The method comprises at least partially removing excess reagents or side reaction 
products from an organic synthesis reaction by using the silica-based scavengers as described 
herein. The reaction conditions, concentrations and reaction time are adjusted to provide at 
least some removal of these excess reagents or unwanted by-products, leaving the desired 
product in a more purified form. The silica microspheres of this invention can be used in 
30 beds, filter plates or cartridges for high throughput applications, such as for purifying libraries 
of chemical compounds in drug discovery applications. 



Detailed Description of the Invention 



The highly purified, porous silica microspheres of this invention are prepared prior to 
the introduction of functional groups onto the surface of the particles. This can be 
5 accomplished using a variety of techniques, all of which are within the scope of the present 
invention. The particles are sintered, sized and purified, and silanol groups are introduced 
onto the surface of the microspheres for reaction with appropriate functional groups. The 
functional groups are introduced by, for instance, reacting the silanol groups with 
trifunctional or bifimctional silanes containing the functional group of interest. The 
1 0 functionalized particles can be used in a variety of applications, such as in cartridge, bed or 
filter plate format for high throughput combinatorial chemistry applications. 

As used herein, the terms "silica support", "silica microspheres" and "silica particles" 
are essentially synonymous. These microspheres, which are generally spherical in shape, are 
typically sized to have nominal diameters in the range of from about 10 microns to about 200 
1 5 microns. When used for its intended purpose, i.e., as a scavenger, the surfaces of the 

individual silica microspheres will be modified to contain appropriate functional groups. 

The terms "highly purified" and "ultra pure" are intended to denote a silica support 
material having an impurity content of less than about 0.01%. 

By "porous" is generally meant a porosity of at least about 50%, and preferably a 
20 porosity of from about 50% to about 65%. The degree of porosity refers to the total pore 
volume within the solid support. Porosity increases with increasing pore volume. 

By "impurity" is meant an unreacted reactant, or excess reactant, or a reaction by- 
product, which is contained in a reaction mixture or a solution, but not including a desired 
product. 

25 By "selectively" or "selectively removed" is meant that the silica support binds to the 

compounds to be removed from the reaction mixture, but does not substantially bind to the 
desired reaction products. The binding of compounds may be by ionic or covalent forces, or 
less likely, by selective adsorption or chelation. Preferably, the functionalized support 
structure will bind to less than about 10% of the desired reaction product, and most preferably 

30 less than about 5%. 



The term "scavenging" is intended to denote the removal of impurities from the 
reaction mixture using the process of this invention, and the functionalized silica 
microspheres are the "scavenging reagents" or "scavenging agents." 

The term "silanizing" is intended to denote a method of introducing functional groups 
5 onto the surface of the silica microspheres using procedures described more fully herein. 



Silica Support 

The silica support material of the present invention comprises highly purified porous 
silica microspheres. A preferred method of preparing these particles is by spraying drying 

1 0 silica solutions made by the controlled hydrolysis of tetraethyl-o-silicate or similar organic 
silicon compounds. This method allows the formotion of highly purified porous silica 
microspheres at a relatively low cost and with highly controlled properties. The silica support 
can be made with different particle sizes and different pore sizes lo mutch the requirements of 
a particular scavenging operation. 

15 To prepare such silica supports, appropriate silica sols can be prepared by the 

hydrolysis of organic silicates in the manner described by Stober et al., J. Colloid and 
Interface Science, 26, pages 62-69 (1968). This approach is known to make silica sols with a 
very high purity and with a narrow sol particle size distribution. The particle size of the sol 
prepared in this manner determines the pore size of the porous silica microspheres ultimately 

20 made from these sols, with the average pore size being about one-half the average diameter of 
the silica sol microparticles. 

Porous silica microspheres can then be made from these aqueous colloidal silica sols 
by using well known spray-drying equipment and methods (K. Masters, Spray Drying 
Handbook 5 th ed., Longman Scientific and Technical, New York (1991). In some cases, the 

25 silica solutions should first be flocculated or partially pre-gelled by using a process such as 
described in R.K. Her, The Chemistry of Silica, Chapter 4, John Wiley, New York (1979), to 
produce microspheres with a porosity that is higher than that available by the direct spray 
drying of silica sols. The concentration of the silica solution, the type and rate of the spray- 
drying nebulization (for example, two-fluid nozzle or spinning disk), the drying temperature, 

30 the rate of heated air supply, and the like, are all adjusted to produce the porous silica 
microspheres of the desired size and size distribution. 
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These "raw*' spray-dried particles with a rather wide particle size distribution then are 
fired to remove any residual organic contaminants, and sintered at an appropriately high 
temperature (typically 750°C - 800°C) to give the particles good mechanical strength. Silica 
particles which arc heated to such high temperatures have no surface silanol groups on which 
5 reactions with functional ized silanes can occur. Accordingly, the porous silica microsphere 
surface must be hydroxylated to produce a high population of silanol groups for functional 
silanization. Hydroxylation under either acidic or basic conditions may be used, for example, 
as described in U.S. Patent 4,874,518, the pertinent disclosure of which is incorporated herein 
by reference. 

1 o Prior or subsequent to hydroxylation, the porous silica microspheres are sized to 

obtain the particle size fraction needed for scavenging reactions. The average particle size 
required varies with the particular scavenging application. For reactions in a simple vial or in 
a 96-well plate, particles in the 20 to 80 *im range are adequate. For flow-through reactions 
with automated equipment requiring rapid equilibration, particles in the 10 to 30 \im range 

1 5 may be required, although the driving force through the equipment must be increased for 

these smaller particles because of reduced permeability. Larger particles, up to 100 microns 
to 200 microns, may be useful in applications where reaction times, rate of equilibrium and 
bed permeability are not critical. 

The particle sizing may be accomplished by a number of well-known methods, such as 

20 sieving, air classification, and liquid elutriation. Sieving is the simplest and least costly 

method. However, this method produces products that have the greatest concentration of fine 
particles, because of the tendency of fines to adhere to larger particles and therefore not be 
properly fractionated. Air classification with a relatively expensive machine is a convenient 
method that permits a high throughput of desired particles to be fractioned accurately in a 

25 narrow particle size distribution. 

Unfortunately, in both the sieving and air classification approaches, it is not possible 
to maintain highly purified porous silica microspheres. Both of these particle fractionation 
methods contaminate particles with the metal used in the fractionation apparatus as a result of 
significant mechanical attrition. Therefore, in order to use these methods of particle 

30 fractionation to obtain highly purified porous silica microspheres, metal contaminants must be 
carefully removed. This can be accomplished by exhaustive extraction of the silica particles 
with strong metal-solubilizing acids, such as nitric and hydrochloric acids. Subsequent to 



acid-washing, the silica particles must be thoroughly washed to neutrality with water to 
eliminate residual acids, then dried for subsequent surface modification. 

Another method of particle fractionation is the liquid elutriation method which can be 
performed in a manner similar to that described in CD. Scott, Anal Biochem, 24, 292 (1969). 
5 As with air classification, this method is based on the concepts of Stokes Law (S. Glasstone, 
Textbook of Physical Chemistry, 2 nd ed., D. Van Nostrand Co., New York, page 258 (1946), 
and again allows particles to be fractionated into narrow size ranges. While the liquid 
elutriation method with water as the mobile phase is slow and costly, it does allow particles to 
be fractioned without metal contamination, since all glass and plastic apparatus can be used. 

10 An tiitcrnalivc method for preparing highly purified porous silicn microspheres is 

described in European Patent Application No, 298062. This method involves emulsifying a 
highly purified silica sol with an organic solvent immiscible with water in the presence of u 
surface active agent. The sol drops formed are then gelled by removing water under 
controlled temperature and pH conditions. The formed silica particles are heat treated to 

1 5 remove all organic material. The particles may be sized and rehydroxylated, if needed, to 
produce surface silanol groups for subsequent surface modification. 

Another alternative method (as described in DE 3534143) for preparing highly 
purified porous silica microsphere supports involves the emulsification of organic 
alkoxysilicon compounds with an organic solvent immiscible with water in the presence of a 

20 surface active agent. The pH of the mixture is lowered so that the alkoxysilicon compound is 
hydrolyzed to silicic acid which then polymerizes to form silica-containing droplets. The 
formed particles are isolated and heat treated to remove organic material. The particles can 
then be sized and rehydroxylated if needed for subsequent surface reaction. 

Another alternative method for preparing highly purified porous silica microsphere 

25 supports involves the spray drying of fumed silica, such as the fumed silica material available 
commercially from Degussa (Aerosil 380 amorphous fumed silicon dioxide, Degussa Corp., 
Ridgefield Park, New Jersey). Fumed silica is prepared by the conversion of purified silicon 
tetrachloride, leaving highly purified silica in a high surface area form. This silica can be 
converted into highly purified porous silica microspheres by a spray-drying method similar to 

30 that described in Example 1. These silica microspheres are processed by sintering, 
rehydroxylation, and sizing, in the same manner as described for other silica support 
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preparation methods discussed above, to yield a material suitable as a support for the silica- 
based scavenger products and methods of this invention. 

Still another method for preparing porous silica microspheres for use in the practice of 
this invention involves the coacervation of highly purified silica sols, such as those prepared 
5 by the Stober method referenced above. The method described by Kohler and Kirkland (U.S. 
Patent 4,874,5 1 8) uses the formation of a urea-formaldehyde polymer to aggregate silica sol 
particles into a spherical mass. These particles are heat treated to remove the organic polymer 
and improve particle strength. If surface modification is to be accomplished by reaction with 
silanes, the particles then are appropriately rehydroxylated. Rigorous sizing generally is not 
10 needed, since this coiiccrvnlion method inherently produces n narrow particle size distribution. 
The coacervation method generally is less useful for producing porous silica microspheres for 
scavenger supports since it is difficult to prepare particles sizes above about 25 \im by this 
method. 

Table I lists the physical properties of two different types of porous silica 
15 microspheres prepared as supports for use ns scavenger particles according to this invention. 
One batch of particles is made from a fumed silica, while the other batch is made from a 
colloidal silica sol. Both preparations are made by a two-fluid-nozzle spray drying method. 

Table I 

20 

Physical Properties of Materials Derived from Different Starting Silica 



Starting Material of Particles 


Fumed 
Silica 


Colloidal 
Silica 


Surface Area (m2/g) 


235 


225 


Pore Volume (%) 


64 


52 


Median Pore Diameter (Angstroms) 

(Data obtained from Mercury Intrusion/Extrusion) 


110 


66 


Average Pore Diameter (Angstroms) 

(Data obtained from BET/BJH Nitrogen Isotherm Absorption) 


256 


90 


Density of Particles (g/cc) 


1.38 


1.58 



25 



Of considerable significance in the materials of this invention is the purity of the silica 
used lo prepare the silica-based scavengers. A highly purified silica support is required to 
ensure a high yield and excellent reproducibility in preparing purified products resulting from 
scavenging processes. As shown in Table II, the purity of the silica-based products of this 
invention far exceeds those of ordinary silica-based materials. 
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Table II 

Comparative Analyses for Contaminating Elements in Silica-based Scavengers 



Element 1 


This invention, ppm 


Another Source 2 , ppm 


Aluminum 


n.d/ 


378 


Barium 


n.d. 


23 


Calcium 


n.d. 


30 


Iron 


n.d. 


32 


Magnesium 


n.d. 


151 


Sodium 


n.d. 


93 


Titanium 


n.d. 


171 


Zirconium 


n.d. 


30 



determined by inductively-coupled plasma optical emission spectroscopy 

2 Applied Separations, Allentown, PA, USA 

3 Limit of detection, 6- 12 ppm, depending on element 

1 0 The silica used for the materials of this invention has an overall purity of about 

99.99%. 



Surface Modification of the Support 

Although unmodified silica particles have applications in limited situations, scavenger 
1 5 reactions usually require particle surfaces that have been modified with various organic 

functionalities needed for reactions with certain reagents. There are several methods which 
can be used to modify the surface of the silica support particles for use in a broad range of 
scavenging reactions. 

A preferred method for surface modification is to alter the silica surface with lightly 
20 polymerized silane groups. This approach requires that the silica support be hydroxylated so 



thnt a high population of surface silanol groups are available for reaction as scavenging 
reagents. Trifunctional or bifunctional silanes, or a mixture of these silancs, containing the 
functionul group of interest, arc then reiietcd with the silica particle surface, usually at 
elevated temperatures in a solvent such as toluene, as described in W.R. Melander and C. 
5 Horvath, High-Performance Liquid Chromatography, Vol. 2, Academic Press, New York, 
page 1 1 3 (1 980). Using this method, a small amount of water can be added to the silica 
before reaction, to facilitate a light polymerization of the silane reactants during attachment to 
the silica surface and subsequent heating. Alkoxysilancs and chlorosilanes can be used for 
these reactions because of their ready availability and lower cost. 

10 After an appropriate reaction time (e.g., overnight, or 24 hours), the reacted particles 

are isolated, washed exhaustively with organic solvents and dried. Elemental analysis, as well 
as other measurements such as titrations, can be used to determine the concentration of silane 
ligands on the silica support surface. For example, surfaces with highly acidic sulfonic acid 
groups can be titrated with standardized basic solutions to determine the concentration of 

1 5 sulfonic acid groups on the particles. 

Table III gives a list of illustrative products that can be produced by this method, 
although this list is not intended to be limiting in terms of the type of structures that can be 
produced by those knowledgeable in the field. 
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Table III 

Illustrative Functional Groups for Silica Microspheres 



Name 


Functional Group 


Monoamine 


1 ^2v^ 1 *2 J3 W * *2 


Triamine 




Tertiary Amine 


bit;2(^H2;3N(^Ib;2 


Sulfonic Acid 




Sultonyl Chloride 




Isocyanate 


0 lU2-(vri2 ^3"^ CU 


Epoxide 








Diphenylphosphine 


Si0 2 -(CH 2 ) 2 P-((CH 2 ) 6 ) 2 


Diethylphosphine 


SiOHCH^P-CCCH^), 


Mercaptan 


Si0 2 -(CH 2 )3-SH 


Alkylbromo 


Si0 2 -(CH 2 )3-Br 


Sulfonyl Hydrazide 


Si0 2 -S0 2 NHNH 2 



Alternatively, the silica support surface can be modified with monofunctional silanes 
in the manner described in J.J. Kirkland, Chromatographic 8, page 661 (1975). While 
generally more expensive, this reaction approach produces surfaces with the highest degree of 
reproducibility. The reactions usually are carried out in a similar manner as for the surfaces 
created by reaction with tri-or bi-functional silanes, although water usually is not added to the 
silica surface before reaction. The amount of ligands that are attached to the silica support 
surface again is determined by elemental analysis and other more specific measurements, just 
as for the particles modified with tri- and Afunctional silane agents. 

Another approach for preparing functional ized materials of this invention involves the 
controlled synthesis of polymer brushes with the desired functionality by "living" free radical 
polymerization techniques such as those described in Macromolccules, 1998, 32, 592; 1998, 
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3 1 , 602; 1999, 32, 1424-1 43 1 . For example, a preformed monochlorosilyl or alkoxy silyl 
functionalized azo initiator can be synthesized and covalently attached to the silica support 
surface. Using free radical polymerization conditions, linear chains containing the desired 
functional groups are then grown from the surface to give attached polymer brushes with high 
5 graft densities. An example of this approach is first covalently coupling triethoxyallylsilane 
or tricholoroallysilane to the silica support surface. This material then is reacted with 
allylamine using an azo catalyst to produce a polymer layer with primary amino scavenging 
groups. 

Alternatively, a "living" free radical polymerization system containing alkoxyamine or 
10 haloester initiating groups can be used to prepare functionalized silica products. This 
approach has the advantage that the polymerization process can be better controlled. An 
additional benefit of this approach is the ability to prepare block polymers by the sequential 
activation of the dormant end chain in the presence of different monomers containing the 
functional group needed for scavenging. 
15 Another method for preparing silica-based scavengers is to mechanically cast a film of 

polymer with the desired scavenging functionality onto the surface of the silica support. An 
example of this method is the casting of a 0.25-jim film of polyethyleneimine onto silica 
support particles by the rotary evaporation of a tctrahydrofuran solution of polymer until the 
particles are dry and free flowing. The resulting particles are then mildly heated to eliminate 
20 traces of remaining solvent. Many other types of polymeric materials may be used with this 
method. For example, a scavenger with a strong sulfonic acid group can be produced by 
evaporating an ethanolic solution of lower weight Nafion® polymer (DuPont, Wilmington, 
Delaware) onto the silica surface. 

25 Silica-based Scavenger Product 

The scavenger particles of this invention provide a convenient means of working up 
and purifying chemical reactions without the need for other more complicated separation 
methods. Scavenger particles are added after the reaction is complete to quench reactions by 
selectively reacting with excess reagents and/or reaction byproducts. These selective 

30 reactions by scavengers can be accomplished by covalent or ionic interactions, or in some 
cases, by selective chelation or adsorption. The resulting particle-bound reactants (or 
byproducts) are removed by simple filtration or centrifugation. 



W .16- W 

Properly-designed scavenger particles often perform similarly to small molecule 
solution reactions, with minimum effort needed to optimize for a particular organic reaction. 
Scavengers may be used individually or in a mixed mode to simplify reaction workups and 
eliminate other tedious separation methods such as extractions and chromatography. 
5 Scavengers also can be used to purify cleaved products from solid-phase reactions. 

The silica-based scavenger particles of this invention have unique properties for 
performing the functions needed in combinatorial reactions, and other methods involving 
high-throughput, high-yield, high-purity reaction chemistry. Silica-based scavengers can be 
used with virtually any solvent for reactions, both organic and aqueous. The particles do not 

10 swell in the presence of solvents. As a result, silica-based scavengers show outstanding 

advantages compared to conventional organic resin-based scavengers which must be swollen 
before they are effective. In addition, the gross swelling properties of resin-based scavengers 
often makes the use of these materials difficult with certain solvents and reactions in the 96- 
well plates widely used in combinatorial chemistry. 

1 5 Other advantages of the porous silica microsphere scavengers of this invention are 

associated with the higher density and the free flowing properties of the particles, which 
makes their handling convenient and precise. The high density of the particles (-1 .3 g/cc to 
1 .5 g/cc) enhances their utility especially in combinatorial chemistry applications. They are 
easily loaded into micro reaction vessels, either manually or by automatic instrumentation. 

20 Compared with resin-based scavenger particles (density of <1 g/cc), the higher particle 

density of the porous silica microsphere-based particles often permits much easier nitration or 
centrifugation for removing the purified product from the particle-attached reactant or 
byproducts. In reactions, the silica-based particles are typically heavier than the solvents and 
renctnnts, allowing for convenient and precise reactions. 

25 The porous silica microsphere particles of this invention are regular in shape, very 

strong and have no fines that can block filters or contaminate products that have been 
purified. Contrary to problems associated with resin-based scavengers, the silica-based 
scavengers of this invention do not "bleed" to leave organic polymeric contaminants in 
purified reaction products. Therefore, the particles of this invention allow the synthesis of 

30 high-purity products without the contaminants that often are associated with traditional 
polymeric scavenging materials. 




Another practical advantage of the materials of this invention is that the porous silica 
microsphere scavenger particles can be readily prepared with easily controlled and 
reproducible particle size, pore size, porosity and functional loading properties. Sample 
loading properties for the silica-based scavengers of this invention on a volume basis 
5 (mmol/cc) are generally comparable with those commonly available with resin-based 

scavengers, taking into account the significant density difference between the two materials. 

A wide variety of functional groups can be formed on the porous silica scavengers of 
this invention. Table IV gives illustrations of some of the functionalized materials that can be 
synthesized. The data in Table IV shows the loading capacity of these preparations based on 
10 elemental analysis and either aqueous or non-aqueous titrations of the actual functionality of 
interest. 
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EXAMPLE 1 - Preparation of Highly Purified Porous Silica Microspheres. 

To 160 kg of deionized water was added 425 kg of 190 proof denatured ethanol 

5 (Equistar Chemicals, Houston, Texas), 103.6 kg of tetraethyl-o-silicate (Silbond Corporation, 
Weston, Michigan), and 1.64 kg of 28.0-30.0% ammonium hydroxide. The reaction was 
carried out at room temperature for 24 hours, then the ethanol was azeotroped off by 
distillation until only water remained. The resulting silica sol contained 13.03% by weight of 
silica with a sol particle size of 7 nm. The silica sol was adjusted using ammonium hydroxide 

10 to pi I 8.8 ut 22° C for storage without gcllntion, and 200 g. of 37% formaldehyde (J.T. Baker, 
Phillipsburg, NJ) was added to retard bacterial growth during storage. 

Into a 20 L container was added 10 kg of the silica sol, and the mixture was heated to 
reflux for 24 hours. After cooling the mixture to room temperature, the pH was then adjusted 
to 8.6 with ammonium hydroxide. To flocculate the silica sol, the mixture pH was adjusted to 

15 5.0 with nitric acid and aged for 5 days at ambient temperature. The flocculent then was rc- 
suspended by the addition of ammonium hydroxide, to adjust to a pH of 8.25 with mechanical 
mixing. The viscosity of the resulting slurry was 10 cp. 

The resulting flocculated silica sol slurry then was spray dried with a custom built 
Bayliss Spray Drier (Randallstown, MD) using a two-phase internal atomizing nozzle. The 

20 silica sol slurry was pumped into the spray drier nozzle at a rate of 143 mL/min, and the time 
required for spraying the slurry was 61 min. The atomized particles were sprayed into a co- 
current inlet air at 240° C, and dried particles collected in a cyclone separator which 
discharged particles into a containment vessel. The process produced a yield of 96% based on 
silica weight, or 1.23 kg of white powder. The resulting particles then were strengthened by 

25 heating at 775°C for 2 hr, resulting in a yield of 91% with 1.12 kg of material. 

Particles next were slurried in deionized water and classified by liquid elutriation at a 
flow rate of 600 mL/min using five consecutive elutriation vessels of 10.2, 10.2, 10.2, 17.8, 
and 22.9 cm internal diameter, respectively. After nine hours, the material in the fourth vessel 
was collected and air dried by first washing with cp. acetone. The 30-63 Jim particle size 

30 distribution was verified with a Coulter Multisizer particle size analyzer (Beckman Coulter, 
Fullerton, CA) and by optical microscopy. Final yield of this fraction was 428 g. of silica, or 
38.2%. 



To rchydroxylale the silica for subsequent reaction, the silica particles were placed in 
4.27 L of 200 ppm hydrofluoric acid (48.0 - 51 .0%, J.T. Baker, Phillipsburg, NJ), gently 
refluxed for 24 hr, and processed in the same manner as described in Example 5 of U.S. 
Patent 4,874,51 8, the pertinent disclosure of which is incorporated herein by reference. The 
5 rchydroxylatcd silica again was elutriated in the manner described above to produce a dry- 
weight yield of 91.6%. The resulting 392 g. ofsilicu hud a D.E.T. surface area of 219 m 2 /g 
and showed a particle size that was 90% greater than 41 .9 pm and 90% less than 62.6 [im. 

EXAMPLE 2 - Preparation of Ftmclionnlizcd Porous Silica Microspheres 

1 0 Filly grams of the particles from Example 1 were placed in a round-bottom flusk and 

350 mL of toluene was added to the silica. The mixture was heated to reflux, and water was 
removed by azeotropic distillation to a constant distillation-head temperature. The mixture 
was cooled to about 80°C and 0.75 mL of deionized water was added with stirring. To the 
reaction flask then was added 20.5 mL of 3-aminopropyltriethoxysilane (Aldrich Chemical 
15 Co., Milwaukee, Wl), and with stirring the resulting mixture was gently refluxed for 16 hr. 
The reacted particles were filtered off on a medium porosity sintered glass filter, and washed 
with toluene, tetrahydrofuran, water and acetone, in that order, before drying in a vacuum 
oven for one hour at 1 10°C. The resulting material showed an organic functional group 
loading of 1.1 mmol/g based on elemental carbon analysis, and 0.80 mmol/g based on non- 
20 aqueous titration with standardized perchloric acid in glacial acetic acid solvent. 

EXAMPLE 3 - Mixed-Phase Scavenging of Reactants From a Reaction Mixture 

The purpose of this test was to demonstrate the scavenging of excess reagent and 
acidic byproduct by using a sequential mixed-phase scavenging system. 
25 In a 1 0 mL vial was mixed 2.0 mL of methylene chloride with 1 .5 g of 1 .2 mmol/g 

Si0 2 - (CH2)3-N(CH 3 ) 2 tertiary amine silica-based scavenger and 0.4 mmol of benzylamine 
(Aldrich Chemicals, Milwaukee, WI) at room temperature. To this was added 0.08 mL, 0.6 
mmol of p-chlorobenzoylchloride (Aldrich Chemicals) with magnetic stirring. The reaction 
was carried out for one hour at room temperature to form the desired substituted amide: 



30 



CI-QH 4 -C(=0)-Cl + NH 2 CH 2 -C 6 Hs^Cl^IlpC^O^NH-CHjCeHs+HCl 
(0 (ID OH) 



During this reaction the tertiary amine scavenger reacted only with the hydrochloric acid by- 
5 product to assist in driving the reaction to completion. After this reaction period, 0.4g., 0.6 
mmol of silica-based triamine scavenging agent was added to the mixture to react with 
unreacted p-chlorobenzoylchloride (I) reagent. After one hour the mixture was diluted with 
acetonitrile and analyzed by GC-MS. Only the desired amide (III) was seen in the 
chromatogram (plus decane added with the methylene chloride as an internal standard for 
10 quantitation); no starting material (1) was evident. The solvent from this mixture was 

evaporated to dryness, yielding 0.88 g. of colorless crystalline solid characterized as (III) by 
mass spectrometry and infrared spectroscopy. The yield was 95% by weight. 
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The patents, published patent implications nnd other publications referred lo herein are 
hereby incorporated by reference to the extent that such patents and publications are deemed 
essential material which is necessary to support the disclosure. 



